Mucohemorrhagic diarrhea in pigs caused by Brachyspira spp. has a global distribution, and an economic impact on affected farms due to poor performance of animals. Demonstrations that "Brachyspira hampsonii" is pathogenic have been achieved using in vivo animal models, but a critical knowledge gap exists regarding the pathogenic mechanisms employed by Brachyspira. Here, we used in vitro organ culture of porcine colon to investigate interactions between "B. hampsonii" and explants during the first 12 h of contact. Explants were either inoculated with "B. hampsonii" or sterile culture broth. Responses to infection were evaluated by optical microscopy and quantitative PCR. Significantly greater numbers of necrotic crypt cells and thicker catarrhal exudate were observed on infected explants compared to controls. Spirochaetes were observed in the mucus layer, in contact with necrotic exfoliated cells, in crypts and the lamina propria. Statistical differences were observed in mRNA levels between inoculated and control explants for IL-1α, TNF-α and ZO-1 using a Bayesian analysis, but not observed using the Cq method. These results provide a demonstration of a porcine colon explant model for investigating interactions of Brachyspira with its host and show that initial effects on the host are observed within the first 12 h of contact.
INTRODUCTION
Swine dysentery (SD) is an enteric disease of pigs that can cause great economic losses to pork producers through reduced feed conversion efficiency and increased production costs due to the need for antibiotic treatment (Wood and Lysons 1988) . The syndrome was first described in the USA in 1921 (Whiting, Doyle and Spray 1921) but it was not until 1971 that two different groups simultaneously suggested Treponema hyodysenteriae (now Brachyspira hyodysenteriae) as the causal agent of SD (Glock 1971; Taylor and Alexander 1971) . The classical description of the disease is mucohemorrhagic diarrhea associated with typhlocolitis in grower and finisher pigs.
SD was a major concern among commercial pig producers in North America until the mid-1990s. The use of preventive antibiotic therapy and increased biosecurity likely contributed to a state of relative control of clinical SD on commercial farms. Feed and water supplemented with antimicrobials helped control pathogen populations to an extent that severe bloody diarrhea was rarely observed. However, since the mid-2000s swine veterinarians and producers have reported the re-emergence of mucohemorrhagic diarrhea in pigs in North America. Initially, an increased number of mucohemorrhagic diarrhea samples had detectable levels of Brachyspira hyodysenteriae and/or 'atypical' Brachyspira spp. reported (Harding et al. 2010a,b; Schwartz 2011) . Further characterization of these 'atypical' Brachyspira isolates led to the proposal of the novel species "B. hampsonii" (Chander et al. 2012; Mirajkar et al. 2016) .
Since its initial identification, "B. hampsonii" has been demonstrated to be pathogenic to pigs, causing mucohemorrhagic diarrhea indistinguishable from SD (Burrough et al. 2012a,b; Rubin et al. 2013; Costa et al. 2014) . Despite multiple authors having replicated the disease using in vivo animal models, there remains a critical knowledge gap regarding the pathophysiology mechanisms triggered by Brachyspira that lead to mucohemorrhagic diarrhea. Animal models have been very effective for demonstrating the consequences of Brachyspira colonization and infection of the swine colon, which are reported to occur over a period of 4 to 14 days after inoculation. However, this work has necessarily focused on the clinical disease period, and host-pathogen interactions during the incubation period remain uncharacterized. In vitro models offer an alternative approach to addressing questions about early host-pathogen interaction. In particular, in vitro organ culture (IVOC) techniques enable whole organ explants to be maintained ex vivo for an extended period of time while preserving histological tissue features, offering a potentially powerful model system for studying the host-pathogen interactions (Trowell 1959) . Examples of pathogens studied using IVOC model systems include Escherichia coli, Salmonella, Campylobacter jejuni and bovine herpesvirus 1 (Knutton, Lloyd and McNeish 1987; Haque et al. 2004; MacCallum et al. 2006; Niesalla et al. 2009) .
We recently developed a protocol for pig colon IVOC (Costa, Harding and Hill 2016) , which presents new opportunities to investigate the pathogenic processes of enteric pathogens. The objective of the current study was to use this porcine colon IVOC model to characterize the first 12 h of interaction between "B. hampsonii" clade II strain 30446 and its porcine host in terms of histopathology, expression of host genes for cytokines and epithelial barrier function, and localization of spirochaetes within infected tissue.
MATERIALS AND METHODS

Animal care and pre-trial testing
Experiments were designed and conducted in accordance with the Canadian Council for Animal Care and approved by the University of Saskatchewan Committee on Animal Care and Supply (Protocol 20130034).
Ten 6-week-old, commercial synthetic breed male piglets were purchased from a PRRSV negative, high health, commercial farm in Saskatchewan, Canada, with no history of medication usage or Brachyspira-associated diarrhea. Six-week old (b) . Individual explants were cultured on top of an agar attachment matrix that isolated it from the media. Tissue adhesive was dispensed on the outer aspect of the inoculation ring, preventing leakage of inoculum to the basolateral sides of the explants.
pigs were chosen based on previous evidence that tissues from this age of animal were a preferred source for IVOC. Fecal samples, collected the day before transportation, tested negative for Brachyspira using a genus-specific PCR (Rohde, Rothkamp and Gerlach 2002) . Animals were housed at the Animal Care Unit, University of Saskatchewan, and acclimatized for 10 days prior to initiation of the trial. Pigs were monitored daily for gastrointestinal clinical signs and other signs of illness. They were fed commercially prepared, non-medicated, pelleted starter diet ad libitum, while housed in 1.2 m × 1.8 m pens, each containing two pigs.
Colon segment collection and explant preparation
The pigs were euthanized at ∼8 weeks of age, over a period of 5 days. Euthanasia was performed by exsanguination after captive-bolt desensitizing. Immediately after euthanasia, laparotomy was performed and a 15-cm segment of distal colon was excised. Tissue culture was performed as previously described (Costa, Harding and Hill 2016) . Briefly, the harvested distal colon segment was washed with ∼250 mL of Hanks Balanced Salt Solution (Gibco Canada Inc., Mississauga, ON) to remove luminal contents, the serosa and muscularis externa were separated from the mucosa and submucosa, and the latter two were sectioned into 2 cm × 2 cm explants. Explants prepared from each colon segment (n = 40) were placed on individual 1% agar (v/v in water) blocks in 90 mm diameter Petri dishes. Each dish received 6 ml of KBM Bullet Kit media (Lonza, Walkersville, MD) supplemented with 1.5 mM calcium (CaCl 2 , Fisher Scientific Ltd, Nepean, ON) and an antibiotic mix selective for Brachyspira spp. (200 μg/ml spectinomycin, 6.25 μg/ml vancomycin, 6.25 μg/ml colistin, 25 μg/ml spiramycin, 12.5 μg/ml rifampicin and 10 μg/ml pimaricin). Before incubation, a polystyrene ring (1 cm diameter × 1 cm height) was attached to the mucosal side of each explant using a cyanoacrylate adhesive (3M Vetbond Tissue Adhesive, 3M Animal Care products, St. Paul, MN). The adhesive was applied on the outer aspect of the ring, leaving the inner side of the ring adhesive free while fixing the ring to the explant (Fig. 1) . This apparatus confined the inoculum to the apical side of explants. Incubation was carried out in modular anaerobic chambers (Billups-Rothenberg Inc., Del Mar, CA) infused with 95% O 2 , 5% CO 2 at 37
• C.
Inoculum preparation and explant infection
Pure cultures of "Brachyspira hampsonii" clade II strain 30446, an isolate proven pathogenic to pigs, were prepared as previously described (Rubin et al. 2013) . Briefly, spirochaetes were cultivated in glass vials containing 25 ml of JBS broth (brain heart infusion broth with 5% (v/v) fetal bovine serum, 5% (v/v) sheep's blood and 1% (w/v) glucose). Broth culture vials contained magnetic stir bars and were incubated anaerobically at 39
• C for 48 h with constant stirring. Immediately before infecting the explants, culture vials were retrieved from the incubator and an aliquot was collected for verification of bacterial activity, and quantification of organisms by species-specific quantitative PCR using a previously published protocol (Rubin et al. 2013 ). Phase contrast microscopy was used to visually assess spirochaete motility as an indicator of viability. Cultures containing active, motile spirochaetes were centrifuged for 5 min at 2500 × g. The supernatant was discarded and the pellet was resuspended in 25 ml of sterile phosphate buffered saline (PBS, 0.1 M, pH 7.0). For preparation of control inoculum, 25 ml of sterile JBS broth was incubated as the infected inoculum, centrifuged and resuspended in sterile PBS. Explants from each distal colon segment were randomly assigned to two groups: infected (n = 20/pig) and control (n = 20/pig). Each explant received 500 μl of the designated inoculum, carefully pipetted into the inoculation ring. Inoculated explants were incubated for 2 h. After this period, the inocula were removed by pipetting, and explants were returned to the incubator after re-filling the chambers with hyperoxic gas mixture. Infected and control explants were sampled at 0, 2, 4, 8 and 12 h after inoculation. At each time point, two explants from each pig were fixed in 10% neutral buffered formalin, and two were fixed in RNAlater (Qiagen Inc., Toronto, ON).
Additionally, Brachyspira collected from the apical side of explants using a sterile loop as previously described (Rubin et al. 2013) was assessed for viability at the beginning (0 h) and end (12 h) of the incubation period by culture on BJ agar (Kunkle and Kinyon 1988) . Identity of the organisms cultured following 12 h incubation was confirmed by specific PCR.
Analysis of hematoxylin and eosin and Warthin-Faulkner-stained sections
Histological analysis of explant morphology and spirochaete localization within explants was carried out by an observer (MC) blinded to the identity of the samples using optical microscopy at 20× magnification. Hematoxylin and eosin (H&E)-stained sections were used to calculate necrotic scores and to measure thickness of catarrhal exudate. Necrosis scores were based on evaluation of 25 crypts from each explant for which the entire crypt length was visible (score 0-no necrosis, score 1-<10% necrotic cells, score 2-11%-50% necrotic cells, score 3->50% necrotic cells). An average crypt score was reported for each explant. Catarrhal exudate thickness on the apical aspect of each section was measured using a microscope equipped with an intra-ocular micrometer within the eyepiece (Olympus WHN10X-H/22). Thickness was measured at five evenly spaced locations along the length of the explant (far left, left, center, right, far right). An average exudate thickness was reported for each explant.
Entire explant sections stained with Warthin-Faulkner silver staining were examined and scored for the presence and localization of spirochaetes (score 0-no spirochaetes observed, score 1-spirochaetes on apical epithelial surface only, score 2-small numbers of spirochaetes in multiple glands, score 3-many spirochaetes within several glands and score 4-many spirochaetes forming thick mats in numerous glands).
Quantitative PCR
Quantification of "B. hampsonii" in the inoculum using cladespecific quantitative PCR was performed as previously described (Rubin et al. 2013) .
Analysis of gene expression in explants for GAPDH, ecadherin, interleukin-1α (IL-1α), interleukin-8 (IL-8), interferon gamma (IFN-γ ) and tumor necrosis factor alpha (TNF-α) was conducted using previously described protocols (Costa, Harding and Hill 2016) . For mucin 5AC (MUC5AC) and zonula-occludin 1 (ZO-1) genes, previously published primer sets were used (Yu et al. 2014; Quintana-Hayashi et al. 2015) . For all genes, quantitative PCR reactions were conducted on a Bio-Rad CFX instrument (Bio-Rad Laboratories Ltd., Mississauga, ON). Each 25 μL reaction contained 1× IQ SYBR Green Supermix (Bio-Rad Laboratories Ltd), forward and reverse primers (0.8 μM each), and 1 μL of cDNA template. Reactions were incubated at 94
• C for 3 min, followed by 40 cycles of [30 s at 95
• C, 30 s at 64
• C and 30 s at 72
• C] and a final extension for 5 min at 72
• C. All reactions were run in duplicate, and both extraction negatives and no-template controls were included for each assay. Reaction duplicates that differed by more than 1 C q value were repeated. Amplification efficiencies for all PCR assays were between 97% and 103%.
Statistical analysis
Statistical analysis was performed using STATA v14 (College Station, TX, USA), Graphpad Prism 6.0 (La Jolla, CA, USA) and R studio version 0.99.903. Exudate thickness and necrosis score were compared between all time points, between groups (infected and control) regardless of time, and within time points between groups by generalized estimating equations (GEE, exchangeable correlation matrix).
Two different methods were applied to investigate the effects of explant infection on target gene expression. mRNA expression levels were converted into fold changes using the Cq approach (Livak and Schmittgen 2001) . Changes in gene expression were compared by one-way ANOVA followed by post hoc Holm-Sidak test (ZO-1, IL-1-α, IL-8, TNF-α, IFN-γ , e-cadherin) or Kruskal-Wallis (MUC5AC and IL-8) between time points only, since the Cq calculations precluded the comparison between infected and control groups. To investigate differences between time points and groups, the MCMC.qpcr (version 1.2.2) R package (Matz, Wright and Scott 2013) was applied to the same dataset. This algorithm builds hierarchical models that estimate the effects of experimental treatments on the expression of all analyzed genes. It employs generalized linear mixed models with Poisson-lognormal distribution to infer fold changes in mRNA expression in response to fixed factors and random differences attributable to technical replicates. The model fitting process uses a Bayesian MCMC (Markov chain Monte Carlo) sampling scheme that if desired, can incorporate reference gene data into the model as priors. To evaluate the need for a reference gene, the same dataset used in the Cq approach was analyzed using the MCMC.qpcr package (two-way design) with two different statistical models: a 'classic', incorporating GAPDH expression data in an informed model, and a 'naïve', in which no reference gene data was used. The 'classic' and 'naïve' models were compared on the basis of mRNA expression levels within time points between groups.
RESULTS
Motile spirochaetes were observed in all inoculum cultures preinoculation, and their viability was confirmed by observation of strong β-hemolysis following culture on BJ agar. Based on results of clade-specific, quantitative PCR analysis of inoculum cultures, explants from pigs no. 1 and no. 2 received 2.6 × 10 8 genome equivalents of "Brachyspira hampsonii", explants from pigs no. 3 and no. 4 received 1.7 × 10 8 genome equivalents, explants from pigs no. 5 and no. 6 received 1.85 × 10 9 genome equivalents, explants from pigs no.7 and no. 8 received 2.0 × 10 8 genome equivalents and explants from pigs no. 9 and no. 10 received 1.7 × 10 8 genome equivalents. No bacterial or fungal overgrowth was observed on explants during the experiment. All apical bacterial loop samples collected after 12 h of incubation from the infected group were culture positive on BJ agar, and all control tissues were culture negative. Localization of spirochaetes was analyzed using WarthinFaulkner-stained explant sections in a total of 200 explants; 100 belonging to the control group and 100 from the infected group (Fig. 2) . Across all time points, the majority of infected explants had spirochaetes on the apical surface only (score 1, 89%, 89/100), while 8% (8/100) had small numbers of spirochaetes in multiple glands (score 2), 2% (2/100) had no visible spirochaetes (score 0) and 1% (1/100) had many spirochaetes within several glands (score 3). All control explant sections had no visible spirochaetes (score 0). Spirochaetes randomly oriented were observed in large numbers both in mucus layers above and in close contact with the superficial epithelium (Fig. 2a, b and d) , invading the intercellular space between necrotic and degenerated enterocytes (Fig. 2b and c) , in end-on association with necrotic epithelial cells and within crypts (Fig. 2a, b , e and f). Spirochaetes were also occasionally observed invading the lamina propria of infected explants (Fig. 2b) .
H&E-stained sections were used to assess the number of necrotic cells within crypts and the accumulated catarrhal exudate on the apical aspect of explants. At 12 h post infection, live "B. hampsonii" cells, while control group explants had sterile inoculum on the apical side. Bars represent mean necrosis scores (± standard error) from H&E-stained sections for 10 pigs, with two explants evaluated from each pig at each time point for each group. Asterisks denote statistically significant differences between groups at each time point; a statistical difference between groups when all time points were taken in account was also observed (P < 0.05, GEE).
the histological features of control explants were similar to the 0 h group, displaying a superficial epithelial cell layer, crypts and mucus (data not shown). Analysis of epithelial crypt cells revealed an increasing number of necrotic cells over time regardless of group, with all time points differing from time 0 h (P < 0.001, GEE). A significant difference was also observed between groups, when all time points were considered together (P < 0.05, GEE). When groups were compared within time points, significant differences in necrotic cell numbers were seen at 2, 4 and 8 h (P ≤ 0.001, GEE) and a trend was observed at 12 h ( Fig. 3d , P = 0.07, GEE).
Catarrhal exudate analysis revealed an increasing thickness of exudate over time, with significant differences observed between all time points and the 0-h samples regardless of group, as well as between groups when all time points were considered together (P < 0.01, GEE). Exudate was characterized by variable amounts of mucus, necrotic and degenerated epithelial cells and bacteria (Fig. 4a-c) . When grouped by time point, exudate thickness was greater in infected explants than controls after 4 and 8 h of incubation (P < 0.05, GEE), and a trend was observed at 12 h ( Fig. 4d, P = 0.06, GEE) .
To complement histopathological observations, mRNA levels of genes involved in mucus production (MUC5AC), epithelial barrier function (ZO-1 and e-cadherin) and inflammation (IL-1α, IL-8, IFN-γ , TNF-α) were investigated. Quantitative PCR for gene expression analysis was performed on all samples. GAPDH mRNA levels were relatively stable over time: 0-h control explants average GAPDH threshold cycle was 20.8 ± 0.7, while control and infected explants after 12 h of incubation averaged 21.1 ± 0.5 and 21.9 ± 0.9 cycles, respectively. Analysis of mRNA levels based on the Cq method did not reveal any significant differences between time points (Fig. S1 , Supporting Information).
When the same dataset was analyzed by the MCMC.qpcr method, a significant upregulation of IL-1α at 2 h (naïve, P < 0.001, classic, P < 0.001) and at 4 h (naïve, P = 0.02, classic, P = 0.03), TNF-α at 2 h (naïve, P = 0.001, classic, P = 0.001) and ZO-1 at 4 h (naïve, P = 0.07, classic, P = 0.05) and 8 h (naïve, P = 0.03, classic, P = 0.03) was observed (Fig. 5) . No significant treatment group differences were observed for IL-8, IFN-γ , e-cadherin or MUC5AC at any time point (Fig. 5, Fig. S2 , Supporting Information). A summary of model diagnostic plots is shown in the (log2) values from four different explants (two per group) from the same pig (n = 10), and error bars represent 95% credible intervals, which are the Bayesian analog of confidence intervals. Analysis was conducted using GAPDH as a reference gene (classic, left panel) or no reference gene (naïve, right panel) as described by Matz, Wright and Scott (2013) . Asterisks denote statistical trend (P ≤ 0.07), while two asterisks denote statistical significance (P < 0.05). Dotted lines denote ±2 fold change.
DISCUSSION
The pathogenesis of the disease associated with "Brachyspira hampsonii" or B. hyodysenteriae has yet to be fully described. No studies published to date have reported the interaction of pathogenic Brachyspira with fully differentiated porcine colon mucosal tissues in vitro. To date, a majority of studies have employed in vivo pig models to study the disease and have focused on verification of strain pathogenicity to pigs, and clinical and pathological description of the disease (Harris et al. 1972; Burrough et al. 2012b; Rubin et al. 2013; Costa et al. 2014) . For the purpose of clinical investigations, the pig model was ideal as it is the host of interest studied in a controlled environment. Among other currently unclarified factors, the fastidious growth of Brachyspira, variability in host susceptibility and environmental factors such as diet all contribute to variation in the timing of onset of clinical disease in individual animals and impose additional challenges when studying the critical period of initial host-pathogen interaction. In this study, we exposed porcine distal colon explants to "B. hampsonii" clade II strain 30446, which is known to be pathogenic to pigs (Rubin et al. 2013) . Our data demonstrate an interaction between host and pathogen characterized by histologic and gene expression changes in infected explants over a 12-h period.
IVOC models have been previously used to explore interactions of Shigella spp., Escherichia coli and Salmonella with swine explants, and B. pilosicoli with chicken explants (Haque et al. 2004; Schüller, Frankel and Phillips 2004; Collins et al. 2010; LemboFazio et al. 2011; Mappley et al. 2011) . However, IVOCs have some relevant limitations when used as host-pathogen models: it is difficult to quantify and identify all cell populations within an explant; there are limitations to the number of cultured samples based on the donor species and organ; it requires more skillful manipulation of samples than do cell cultures; and increasing culture period is associated with decreasing survival rates of explants requiring more replicates to account for losses (Costa, Harding and Hill 2016) . In addition, explants lack blood circulation, do not allow for interaction with deep tissue, there is no linkage with other organs, no luminal movements due to peristalsis, the indigenous microbiota is controlled by antibiotics in the media and the organ is subject to stressors from euthanasia or the biopsy sampling process. In spite of these limitations, organ cultures particularly if used for short duration experiments allow for controlled infection of the target organ, ease of sampling at precise times and great flexibility in experimental designs. Equally important, explants are histologically similar to in vivo tissue, retaining structures that cell cultures cannot replicate. In the specific case of swine-associated Brachyspira, colonic crypts are consistently described as the main site of spirochaete colonization in vivo, and are usually populated with large numbers of bacterial cells (Burrough et al. 2012b; Rubin et al. 2013; Costa et al. 2014) . Colon explants maintain crypts when cultured in vitro, allowing investigation of early host-pathogen interaction.
Our data showed that explants infected with "B. hampsonii" had more necrotic cells within crypts and greater catarrhal exudate thickness than the control explants (Figs 3 and 4) . As expected, crypt epithelial cells necrotize due to in vitro culture of explants. However, our results show a more pronounced necrosis in infected explants than controls. It is noteworthy that these observations were made in spite of not seeing large numbers of spirochaetes within crypts, as observed in clinical cases. Rather, 89% of explants had large numbers of spirochaetes associated with the apical surface of the tissue (Fig. 2) . It is likely that the relatively short duration of the study provided insufficient time for growth of bacteria that did migrate beyond the surface, thus limiting the observation of large number of spirochaetes within crypts.
In vivo, "B. hampsonii" causes superficial mucosal necrosis, surface accumulation of neutrophils, mucosal crypt elongation, goblet cell hyperplasia and excessive mucus in samples collected from pigs 4 to 14 days after inoculation (Burrough et al. 2012b; Rubin et al. 2013; Costa et al. 2014) . Results from an experimental inoculation of pigs with B. hyodysenteriae performed by Albassam et al. (1985) suggested that the earliest lesion detectable before the onset of diarrhea was intercellular mucosal edema, which was only visible by electron microscopy. The same authors demonstrated that early lesions detectable by light microscopy were characterized by degeneration, necrosis and extrusion of superficial epithelial cells once pigs began shedding spirochaetes in their feces (Albassam et al. 1985) . Despite the difference in time frame, the in vitro model used in this study produced similar results to in vivo models. Explants inoculated with "B. hampsonii" developed crypt necrosis similar to what is seen in vivo, suggesting an interaction between host and pathogen. The accumulation of mucus on the apical side of explants from both groups indicates that epithelial and goblet cells were actively responding to the culture environment, preventing tissue dehydration. A study by Lysons et al. (1991) revealed necrosis and exfoliation of epithelial cells from the intercrypt area from swine colonic loops after 3 h of exposure to purified hlyA, a hemolysin produced by B. hyodysenteriae (Hsu et al. 2001) . Our observations showed that crypt cells necrotized first, followed by superficial epithelial cells (Fig. 4) . This difference in lesion pattern is likely to be a result of the spirochaete active motility, overcoming the mucus layer and delivering the toxin closer to the epithelial cells (Fig. 2) rather than simple deposition of a toxin on top of the mucus layer. Edema and immune cell infiltration were not examined in this study but could be addressed in future studies. However, it seems likely that these responses would be limited, but not non-existent, since there is no blood supplying explants and the explant response is based on cells present in the tissue at the time of excision.
Colon sections of pigs with SD show spirochaetes within crypts, between colonic epithelial cells, free within the cytoplasm of enterocytes and in the lamina propria (Taylor and Blakemore 1971; Albassam et al. 1985; Jensen et al. 1998) . "Bscherichia hampsonii" has been reported to colonize the colon similarly to B. hyodysenteriae (Burrough et al. 2012b; Rubin et al. 2013) . Similar to in vivo lesions of swine dysentery (Taylor and Blakemore 1971; Glock, Harris and Kluge 1974) , we observed spirochaetes within the apical mucus layer immediately above epithelial cells, between necrotic and degenerated enterocytes, and within crypts. As discussed above, the 12-h incubation period may have been insufficient to allow growth of spirochetes within the crypts, resulting in only a few bacteria observed within the crypts of infected explants. In addition, the hyper-oxic environment to which the spirochaetes were exposed may have prevented bacterial proliferation and the expression of virulence factors by the pathogen. This high-oxygen gas mix has shown to be key for maintenance of normal colonic histology in culture (Reiss and Williams 1979; Costa, Harding and Hill 2016) , but may present a challenge to anaerobic enteric bacteria that survive optimally in conditions dominated by a mix of H 2 , CO 2 and CH 4 (Suarez et al. 1997) . Although viable "B. hampsonii" were recovered from explants after 12 h of incubation in the oxygen-rich environment, the effects of this exposure on their physiology are unknown.
Investigation of SD pigs has shown that infection results in an increased expression of the gene encoding the gel-forming mucin MUC5AC, stimulated by IL-1β and IL-17 (Kruse et al. 2008; Wilberts et al. 2014) . Based on these in vivo observations, we anticipated a difference in MUC5AC expression between inoculated and control groups; however, no difference was observed (Figs S1 and S2). Our choice to target IL-1α, instead of IL-1β, was based on the fact that the IL-1α precursor molecule is an important damage-associated molecular pattern protein (or alarmin), while the IL-1β precursor is biologically inactive (Cohen et al. 2010) . Thus, IL-1α also acts as an early tissue-damage signaling molecule, fit for the short (12 h) incubation period of this trial. All other cytokines targeted in this study were chosen based on their relevance to Brachyspira infection, as observed in the course of previous in vivo and in vitro Brachyspira infection studies (Sacco et al. 1996; Kruse et al. 2008; Naresh, Song and Hampson 2009) . Increased levels of IL-1α and TNF-α upon exposure to toxin-like fractions extracted from "B. hyodysenteriae" have been observed in a murine model (Greer and Wannemuehler 1989) . Kruse et al. (2008) reported that experimental infection of pigs with B. hyodysenteriae led to increased serum levels of IL-1β and TNF-α during peak clinical signs, while there were undetectable amounts of IFN-γ before and after inoculation. We observed similar response by IL-1α, TNF-α and IFN-γ (Fig. 5) . Such a local response may be important as a first host response to the pathogen, possibly acting in vivo as a chemotactic, recruiting innate response cells from circulation to prevent further invasion of the colon. Similar to our findings, ligated mouse loops exposed to Salmonella typhimurium displayed increased secretion of TNF-α at 6 h post initial infection, peaking at 20 h (Arnold et al. 1993) . The same authors also demonstrated the causal relationship between increased expression of TNF-α and histological damage. In this study, microscopic changes seemed to be due to an association of host inflammatory response and direct tissue damage by the pathogen.
No statistically significant differences in IL-8 mRNA levels were detected between groups (Fig. 5, Fig. S1 ). In a human colonic epithelial cell model, live B. pilosicoli cells and culture sonicate induced the up-regulation of IL-1β and IL-8 after 12 h of incubation, as well as disruption of epithelial tight junctions (Naresh, Song and Hampson 2009) . In addition to being a human pathogen, B. pilosicoli is associated with spirochaetal colitis in pigs (Trott et al. 1996) and is found physically attached to colonic epithelial cells, a phenomenon described as 'false brushborder' (Muniappa et al. 1998; Naresh, Song and Hampson 2009) . Results of the current study corroborate with previous reports that unlike B. pilosicoli, "B. hampsonii" does not attach to the superficial epithelial cell layer (Rubin et al. 2013; Costa et al. 2014; Wilberts et al. 2014) . We observed an upregulation in ZO-1 expression after 8 h of exposure to "B. hampsonii" in infected explants (Fig. 5) , after a peak in expression of IL-1α and TNF-α and simultaneous to the observation of increased catarrhal exudate and increased numbers of crypt necrotic cells relative to controls. Previous reports suggest that chronic mucosal inflammation is associated with disruption and downregulation of expression of tight junction proteins such as ZO-1 by proinflammatory cytokines (Nusrat, Turner and Madara 2000; Han, Fink and Delude 2003) . However, we observed the opposite relationship, suggesting that acute inflammation may drive a reparatory response by epithelial cells towards an increased expression of ZO-1.
We also observed increased thickness of catarrhal exudate without increased expression of the MUC5AC gene by explants (Fig. 4) . Despite significant upregulation of MUC5AC after the onset of clinical signs of SD in vivo, the immediate mucoid response to infection by B. hyodysenteriae is mediated by preformed mucigen (Quintana-Hayashi et al. 2015) . Our results corroborate these findings and suggest that the exudate formed in the early stages of infection results from mucigen previously accumulated by goblet cells, rather than de novo mucin synthesis.
Our application of a Bayesian approach to analyze the mRNA expression data revealed differences in IL-1α, TNF-α and ZO-1 between groups that were not detected with the Cq method. The latter method has several limitations associated with the mathematical approach used that restricts the analyses of complex study designs, especially pairwise comparisons. In addition, the assumption that reference genes are stable and that the amplification efficiency for each PCR reaction is the same directly affects results. The Bayesian approach is suggested to be more appropriate for complex experimental designs with any number of fixed and random effects and their interactions and it incorporates specific reaction efficiencies for each analyzed gene (Matz, Wright and Scott 2013) . It has been applied to a variety of gene expression studies (Mashanov, Zueva and Garcia-Arraras 2015; Topper, Walker and Gore 2015; Atamian et al. 2016 ) and offers advantages, particularly for low abundance targets. In our case, similar results were obtained with both the classic and naïve approaches, with reference genes defined and not-defined, respectively. However, use of the Matz (MCMC.qPCR) method detected group differences that the Cq did not, which are likely related to the experimental design used and the differences in reaction efficiencies.
Currently, it is unclear what factors are necessary for development of characteristic lesions after infection by Brachyspira. Undoubtedly, the poorly understood interactions between the colon microbiota and Brachyspira are key players in the pathogenesis of the disease. This may be one of the biggest mysteries surrounding Brachyspira-associated disease in pigs, and incorporating host microbiota into infection models will be critical to elucidating pathogenesis mechanisms.
CONCLUSIONS
This study demonstrated that porcine colon explants respond to in vitro infection by "Bscherichia hampsonii", leading to increased cellular death and increased thickness of the catarrhal exudate layer above the mucosa relative to non-inoculated controls. In addition, we described similar proinflammatory cytokine and spirochaetal colonization patterns of explants to what is observed in vivo. We have also shown that the Bayesian method proposed by Matz, Wright and Scott (2013) (MCMC.qPCR) for analysis of qPCR data is applicable to complex study designs when compared to the Cq method. Taken together, these results indicate that this novel in vitro infection model performs satisfactorily for "B. hampsonii" investigations, adds to the available evidence that "B. hampsonii" is pathogenic to pigs and suggests that the cytokine response during early infection periods is similar to the response at peak clinical signs. In future work, investigation of hlyA effect on explants, apical junction proteins and additional time points is suggested to help clarify the microscopic lesions described and the pathogenesis of Brachyspiraassociated dysentery in pigs.
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